Platelets from patients with the gray platelet syndrome have decreased recognizable alpha granules and are markedly deficient in some alpha-granule secretory proteins. Using immunocytochemical techniques with antibodies to an alpha-granule membrane protein, GMP-140, we identified the membranes of intracellular vesicles in gray platelets as alpha-granule membranes. Gray platelets contained normal amounts of GMP-140 as measured by electroimmunoassay. The activation of gray platelets with thrombin caused GMP-140 to be redistributed to the plasma membrane surface, as in normal platelets. In agreement with previous studies, an endogenously synthesized secretory protein, platelet factor 4, was undetectable in gray platelets. However, the alpha-granule proteins albumin and IgG, which are thought to be derived from endocytosis of plasma proteins into megakaryocytes, were present in substantial quantities and were secreted efficiently from gray platelets. Therefore, the fundamental defect in the gray platelet syndrome may be in the targeting of endogenously synthesized secretory proteins to developing alpha granules in megakaryocytes.
Introduction
The gray platelet syndrome is a rare congenital bleeding disorder first described by Raccuglia (1) . Gray platelets are markedly deficient in morphologically recognizable alpha granules (2) and in the alpha-granule secretory proteins platelet factor 4, beta-thromboglobulin, fibrinogen, von Willebrand factor, platelet-derived growth factor, fibronectin, and thrombospondin (3) (4) (5) (6) (7) . However, ultrastructural and biochemical studies have indicated that lysosomes, peroxisomes, dense bodies, and their contents are normal in gray platelets (2, 3, 5, 8) .
The cause of the defect accounting for the alpha-granule abnormality in gray platelets is unknown. Many gray platelets are highly vacuolated (2, 5) , and immunocytochemical studies have shown that some of the vesicles contain small quantities of the alpha-granule proteins fibrinogen and von Willebrand factor (9) . Immunocytochemical analysis has also documented the presence of fibrinogen in the surface-connected canalicular system ofgray platelets and von Willebrand factor in the Golgi region and some small vesicles of megakaryocytes from patients with the gray platelet syndrome (9) . Although these observations did not provide direct evidence for alpha-granule membranes in gray platelets, they led to the hypothesis that the alpha-granule abnormality arises from a defect in the mechanisms for transferring proteins into developing alpha granules, rather than defective synthesis ofalpha-granule membranes (2, 8, 9) . It was proposed that instead ofbeing transferred to alpha granules, these proteins were constitutively secreted from megakaryocytes.
It has been thought that most, if not all, alpha-granule secretory proteins are synthesized by megakaryocytes, and there is direct evidence that some of the proteins are synthesized endogenously (10) (11) (12) (13) (14) . However, we have recently shown that a plasma protein can be endocytosed by megakaryocytes and incorporated into alpha granules (15) . Major plasma proteins such as albumin and IgG may be routed into platelet alpha granules by this endocytotic pathway (16, 17) , since the concentrations of these proteins in the platelet are directly related to their concentrations in plasma (18) . The concentration and disposition of presumably exogenously acquired proteins in gray platelets are less well understood than the concentration and disposition of the endogenously synthesized alpha-granule proteins. The platelet albumin concentration in one patient with the gray platelet syndrome was reported to be approximately half the normal value (4), but albumin secretion was not studied in this patient.
We have previously described a monoclonal antibody, designated S12, which reacts with a platelet membrane protein of 140,000 relative molecular mass (Mr) that is localized to the membranes of alpha granules in unstimulated platelets, but is redistributed to the plasma membrane of activated platelets during secretion (19) (20) (21) . The protein has been named GMP-140,' to indicate that it is a granule membrane protein.
Similar findings have been described by Furie and co-workers (22, 23). GMP-140 appears to be localized to alpha granules in megakaryocytes and is presumed to be synthesized by these cells (24, 25) . In this study, using antibodies to GMP-140 as a marker, we show that many vesicles in gray platelets contain alpha-granule membrane proteins and that these vesicles fuse with the plasma membrane after the cells have been activated with thrombin, resulting in the normal distribution of GMP-140 over the platelet surface. We also show by enzyme-linked immunoassay (ELISA) and electroimmunoassay that gray platelets contain substantial quantities of IgG and albumin and that these proteins are secreted appropriately from activated cells. These findings suggest that the alpha-granule abnormalities in the gray platelet syndrome may be due to abnormal targeting of endogenously synthesized secretory proteins to developing alpha granules in megakaryocytes.
Methods
Patients. Platelets from two unrelated patients with gray platelet syndrome were studied. H.B. has been the subject of several reports (4, 5, 8, 9) . A preliminary report on S.S. has been published (26) . Blood samples were taken from the patients and from normal volunteers with informed consent. Platelets from H.B. were used in immunocytochemical studies and for analysis by crossed immunoelectrophoresis. All other studies were performed on platelets from S.S.
Antibodies. Two monoclonal antibodies were used: S12, which recognizes the platelet alpha-granule membrane protein GMP-140 (19, 20) ; and Tab, which recognizes platelet membrane glycoprotein IIb (27, 28). Rabbit polyclonal antibodies to platelet factor 4 (29) were a gift from Dr. Shirley P. Levine (University of Texas Health Science Center at San Antonio). Rabbit polyclonal antibodies to GMP-140, glycoprotein lIb, and glycoprotein Illa were prepared as described previously (20, 30 Platelet isolation. In one instance, blood from patient H.B. was drawn immediately into fixative and the platelets were isolated as previously described for subsequent immunocytochemistry (20) . Otherwise, platelets were isolated by published procedures (31), then resuspended at 108 cells/ml in Tyrode's buffer (138 mM NaCl, 29 mM KCI, 12 mM NaHCO3, 0.4 mM NaHPO4, 0.1% glucose, and 0.35% bovine serum albumin, BSA), pH 7.4, containing 5 mM EDTA. The platelets were incubated with control buffer or with 1.0 U/ml ofalpha-thrombin (2,600 U/mg, a gift from Dr. John W. Fenton II, Albany, NY) for 10 min at 37°C. Thrombin was inactivated by adding 2 U/ml of hirudin for 5 min. The cells were then processed for binding studies and immunocytochemistry, or lysed for immunoelectrophoresis, Western blots, or ELISA as described below.
Platelet binding studies. The binding of I25I-labeled S12 or Tab IgG to unstimulated or stimulated platelets was performed as previously described (31), except that the platelets were not fixed and the binding studies were performed immediately after the platelets had been isolated.
Western blotting. A portion of the unstimulated platelets was solubilized in 2% sodium dodecyl sulfate (SDS). Then 25-Mg samples were electrophoresed on 7% SDS polyacrylamide gels, transferred to nitrocellulose paper, and probed with polyclonal or monoclonal antibodies to GMP-140 and glycoprotein II1a as previously described (20) , except that the BLOTTO method was used for washing (32) . Molecular weights were estimated by simultaneous electrophoresis ofa prestained protein mixture containing myosin, phorphorylase B, BSA, and ovalbumin (Bethesda Research Laboratories, Gaithersburg, MD).
Electroimmunoassay. Rocket immunoelectrophoresis was performed as previously described (33), with slight modifications. Platelet samples originally prepared for Western blotting were analyzed. Before electrophoresis, samples were diluted in four volumes of 38 mM Tris, 100 mM glycine, pH 8.7, containing 1% Triton X-100. 10-id aliquots containing 20 ,gg of platelet protein were electrophoresed (10 V/cm, 4 h) in agarose containing 7.5 il/cm2 ofrabbit antisera to platelet factor 4 or 3.0 gg/cm2 of goat affinity-purified antibodies to human albumin. For quantitation of GMP-140, 1251_S12 (1.9 gg, 1.2 X 106 cpm) was incorporated into an agarose gel containing 450 Mg/cm2 of rabbit IgG antibodies to human platelet proteins (28, 33) . Plates were then washed, stained with Coomassie Blue, dried, and, when indicated, subjected to autoradiography. Crossed immunoelectrophoresis was performed as described previously ( 19) .
Immunocytochemistry. Immediately fixed, washed, or thrombinstimulated platelets were fixed in 8% paraformaldehyde in 0.1 M PIPES buffer (pH 7.2) and were washed in the same buffer containing 10% (wt/vol) sucrose (20, 34) . They were infiltrated for 30 min with 2.3 M sucrose, embedded in the sucrose solution, frozen, and stored in liquid nitrogen. The frozen thin-section techniques described by Tokuyasu (35) were used, with the modifications described by Griffiths et al. (36) . When sections were incubated with polyclonal antibodies, the probe was 5 nm colloidal gold conjugated with protein A-5; for sections incubated with monoclonal antibody, the probe was 5 nm colloidal gold conjugated with goat anti-mouse IgG (Janssen Pharmaceuticals, Beerse, Belgium). Control measures for all procedures included the substitution of buffer, preimmune rabbit serum, or purified mouse IgG for specific primary antibody.
ELISA. Platelets were prepared and assayed for IgG and albumin by an antibody-capture ELISA system as described previously (16) . For the albumin assay, affinity-purified goat anti-human albumin was used to coat the wells, and the same antibody was biotinylated for use as the detection reagent.
Protein determination. Proteins were determined by the method of Markwell (37).
Results
To determine the content and subcellular location of GMP-140 in gray platelets, we performed direct platelet-binding studies with 125I-S12 IgG. As shown in Fig. 1 A, very few 1251_S12 molecules bound to unstimulated gray platelets or normal platelets. However, thrombin-stimulated gray platelets bound -6,000 S 12 molecules, a number comparable to that bound by stimulated normal platelets. These binding values are similar to our previously reported normal values (19, 31) . As a control, we measured binding to a protein located predominantly in the plasma membrane by using Tab, a monoclonal antibody that recognizes the Ilb subunit of the glycoprotein IIb-IIIa complex, the platelet fibrinogen receptor (27, 28). 251I-Tab bound normally (Fig. 1 B) to gray and normal platelets. The increased binding of Tab to stimulated platelets probably reflects increased accessibility of the IgG to the surface connected canalicular system, which widens after platelet activation (31, 34, 38) .
The expression of S12-binding sites on thrombin-stimulated gray platelets suggested that gray platelets contained alpha-granule membranes that could fuse normally with the plasma membrane after platelet activation. To determine whether the membranes of empty vacuoles previously observed in gray platelets (2, 5) were alpha-granule membranes, we incubated frozen thin sections of normal and gray platelets with polyclonal antibodies to GMP-140, followed by protein A conjugated to colloidal gold. Immunogold label was readily seen along the alpha-granule membranes of normal platelets ( Fig. 2; and reference 20) . In gray platelets gold label was seen mainly along the membranes of numerous vacuoles ofvariable size (Fig. 3) and in occasional electron-dense alpha granules (inset, Fig. 3 ). When gray platelets were stimulated with thrombin, the immunogold label was redistributed almost entirely to the surface-connected canalicular system and plasma membrane (Fig. 4) in a manner comparable to that seen in normal stimulated platelets (20) . Figure 3 . Frozen thin section of unstimulated gray platelets exposed to antibodies to GMP-140, followed by immunogold conjugate. Occasional small, moderately dense alpha granules are seen (inset), which label with immunogold. The platelet is filled mainly with small and large vacuoles whose membranes are labeled for GMP-140 factor 4 was undetectable (Fig. 7) . It was previously shown that the platelet albumin level in patient H.B. was 47% of the normal value (4). Using an ELISA method, we found that platelets from patient S.S. contained significant quantities of IgG as well as albumin (Table I) . Furthermore, as in normal platelets, most of the albumin and IgG was secreted from gray platelets activated with thrombin.
Since both albumin and IgG were efficiently secreted from activated gray platelets, it seemed likely that these proteins (arrows). Note that not all vacuoles are labeled: these probably represent the surface-connected canalicular system. Small organelles (arrowhead) with no GMP-140 may be lysosomes or peroxisomes. pm, plasma membrane; gl, glycogen. X 58,000. Inset X 65,000.
were present in alpha-granulelike structures. To determine the subcellular localization of albumin, we incubated frozen thin sections of gray platelets with a monoclonal antibody to albumin, followed by the GAM-gold conjugate. The immunogold probe was localized to small, electron-dense granules and to a lesser extent to large vacuolar structures (Fig. 8) . Gold labeling was minimal in the cell cytoplasm. Since the membranes of most intracellular vacuoles as well as the rare electron-dense granules in gray platelets contained GMP-140 (Fig. 3) , this Figure 4 . Frozen thin section of thrombin-stimulated gray platelets exposed to antibodies to GMP-140, followed by immunogold conjugate. Shape change has occurred and the center (c) of the cell is now occupied by a dense mass of cytoskeletal elements. Note the extenfinding suggests that most of the albumin (and probably IgG) in these cells is localized in alpha-granulelike vesicles. Most of these vesicles appeared nearly empty, but some contained enough secretory protein to appear electron-dense.
sive label along the plasma membrane (arrows) and the membranes of vacuoles (v) that may be in continuity with the surface-connected canalicular system (s). X 58,000.
Discussion
Our results indicate that platelets from patients with the gray platelet syndrome contain normal quantities of the alpha- and that the protein is redistributed normally to the plasma membrane surface when the platelets are stimulated with thrombin. These observations suggest that alpha-granule membranes are synthesized normally in megakaryocytes from these patients and retain the capacity to fuse with the plasma membrane during platelet secretion. Our data also indicate that gray platelets contain substantial quantities of albumin and IgG in alpha-granulelike vesicles. These proteins are as efficiently secreted from thrombinstimulated gray platelets as they are from normal cells (16, 18) . We have recently shown that guinea pig megakaryocytes can endocytose an intravenously injected marker protein, horse-1P-140 radish peroxidase, and incorporate it into developing alpha granules (15) . Platelets with peroxidase in their alpha granules subsequently appear in the circulation and, when stimulated, secrete the peroxidase. This observation suggests that endocytosis may be a common mechanism for incorporation of plasma proteins into alpha granules. Endocytosis is a likely mechanism for the delivery of albumin and IgG to alpha granules since: (a) in platelets, both proteins are found almost exclusively within alpha granules (16) (17) (18) ; (b) the plasma concentration ofboth proteins is high; and (c) the platelet content Control Gray Figure 6 . Western blot analysis of normal and gray-platelet proteins probed with antibodies to GMP-140. 25 Figure 8 . Frozen thin section of unstimulated gray platelets exposed to monoclonal antibodies to human albumin and then labeled with goatanti-mouse IgG-gold 5. The immunogold can be seen mainly in a few small dense granules (arrows). X 66,000.
of both proteins correlates with the plasma concentration in both normal subjects and patients with dysproteinemias (18) . The concentrations ofalbumin and IgG are much closer to normal than are the trace levels of other alpha-granule secretory proteins found in these patients (this study; references 4, 5, 29) and in other patients with the gray platelet syndrome (3, 6, 7) . The proteins found to be markedly reduced include platelet factor 4, beta thromboglobulin, thrombospondin, fibrinogen, von Willebrand factor, platelet-derived growth factor, and fibronectin. Normal megakaryocytes are known to synthesize platelet factor 4 (10), von Willebrand factor (1 1), fibrinogen (12, 13) , and fibronectin (14) , and are generally believed to synthesize beta thromboglobulin, thrombospondin, and platelet-derived growth factor as well. Thus, gray platelets appear to have a selective deficiency in the alphagranule secretory proteins normally derived from endogenous synthesis. Although there is no quantitative information on protein synthetic rates in megakaryocytes from these patients, several lines of evidence suggest that these cells synthesize alpha-granule proteins appropriately but then immediately release them into the bone marrow by constitutive secretion: (a) the plasma concentrations of platelet factor 4 and beta thromboglobulin are normal or even increased in the patients (3, (5) (6) (7) , and megakaryocytes are the only cells known to synthesize these proteins; (b) immunoreactive fibrinogen has been detected along the surface-connected canalicular system of unstimulated gray platelets (9); (c) immunoreactive von Willebrand factor has been identified in the Golgi region of megakaryocytes from the patients (9) ; and (d) increased numbers of reticulin fibers have been noted in the bone marrows ofseveral of the patients, suggesting that megakaryocytes have inappropriately released platelet-derived growth factor (5) (6) (7) (8) 26) , which results in an increase of bone marrow stromal cells.
The presence of significant quantities of secretable albumin and IgG in gray platelets implies that the pathway for endocytosis of plasma proteins into alpha-granule vesicles is intact in these cells. In contrast, the alpha-granule content of endogenously synthesized secretory proteins is markedly decreased, despite apparently normal synthesis. We therefore propose that megakaryocytes in the gray platelet syndrome have a specific defect in the ability to transfer endogenously synthesized secretory proteins into alpha granules. The absence of the dense concentration of endogenously synthesized secretory proteins would account for the abnormal morphologic appearance of the granules. The defect would be analogous to the targeting abnormalities in two forms of lysosomal storage disease: I cell disease and pseudo-Hurler polydystrophy (39) . Cells from patients with these diseases are unable to insert mannose-6-phosphate residues into newly synthesized lysosomal enzymes in the Golgi apparatus. The mannose-6-phosphate signal is required for normal receptor-mediated delivery of hydrolases to (40) .
The gray platelet syndrome may be a model for the study of targeting systems for secretory proteins. The low levels of endogenously synthesized alpha-granule proteins despite normal quantities of alpha-granule membranes and significant quantities of endocytosed alpha-granule proteins suggest distinct mechanisms for delivering soluble and membrane proteins to platelet secretory granules. The signals and receptors used for each of these pathways remain to be defined.
